.-In response to volume expansion, locally generated dopamine decreases proximal tubule reabsorption by reducing both Na/H-exchanger 3 (NHE3) and Na-K-ATPase activity. We have previously demonstrated that mouse proximal tubules in vitro respond to changes in luminal flow with proportional changes in Na ϩ and HCO 3 Ϫ reabsorption and have suggested that this observation underlies glomerulotubular balance. In the present work, we investigate the impact of dopamine on the sensitivity of reabsorptive fluxes to changes in luminal flow. Mouse proximal tubules were microperfused in vitro at low and high flow rates, and volume and HCO 3 Ϫ reabsorption (Jv and J HCO3) were measured, while Na ϩ and Cl Ϫ reabsorption (JNa and JCl) were estimated. Raising luminal flow increased J v, JNa, and JHCO3 but did not change J Cl. Luminal dopamine did not change Jv, JNa, and J HCO3 at low flow rates but completely abolished the increments of Na ϩ absorption by flow and partially inhibited the flow-stimulated HCO 3 Ϫ absorption. The remaining flow-stimulated HCO 3 Ϫ absorption was completely abolished by bafilomycin. The DA1 receptor blocker SCH23390 and the PKA inhibitor H89 blocked the effect of exogenous dopamine and produced a two to threefold increase in the sensitivity of proximal Na ϩ reabsorption to luminal flow rate. Under the variety of perfusion conditions, changes in cell volume were small and did not always parallel changes in Na ϩ transport. We conclude that 1) dopamine inhibits flow-stimulated NHE3 activity by activation of the DA1 receptor via a PKA-mediated mechanism; 2) dopamine has no effect on flow-stimulated H-ATPase activity; 3) there is no evidence of flow stimulation of Cl Ϫ reabsorption; and 4) the impact of dopamine is a coordinated modulation of both luminal and peritubular Na ϩ transporters.
KIDNEY PROXIMAL TUBULES ARE responsible for reabsorption of ϳ60% of filtered salt and water, and this fractional reabsorption is relatively constant, despite variations in the glomerular filtration rate (GFR). We have sought to understand the mechanism underlying this glomerulotubular balance (GTB) by measuring the impact of tubule perfusion rate on Na ϩ and HCO 3 Ϫ absorption in mouse proximal tubules in vitro. We have previously demonstrated that the afferent signal modulating Na ϩ and HCO 3 Ϫ transport is the flow-dependent torque (bending moment) exerted on brush border microvilli at their base (39) and that this impacts both NHE3-mediated Na ϩ and HCO 3 Ϫ absorption and H-ATPase-mediated H ϩ secretion (17, 19) . The mouse proximal tubule cell was also used to examine the cellular mechanism of the flow-induced changes on NHE3 and H-ATPase expression and localization (20) . In that system, fluid shear stress induces not only apical NHE3 and H-ATPase but also basolateral side Na-K-ATPase trafficking to the membrane surface. In addition, modulation of NHE3 and Na-KATPase was dependent on an intact actin cytoskeleton, but H-ATPase was dependent on the microtubule network.
Dopamine is the most important natriuretic signal to proximal tubule (3, 13) . Urinary dopamine derives largely from circulating L-3,4-dihydroxyphenylalanine (L-DOPA; Refs. 6, 8) , and proximal tubules are a source for this excreted dopamine (7) . Within the proximal tubule, conversion from DOPA to dopamine is due to the enzyme L-amino acid decarboxylase (L-AADC), and the importance of the local generation of dopamine was underscored by the demonstration that maximal L-AADC activity is modulated by dietary salt intake (33) . Proximal tubules are also a target for the locally generated dopamine, with inhibition of apical Na/H-exchange (NHE3) and basolateral Na-K-ATPase (3). A mouse model in which the intrarenal dopamine is deficient becomes hypertensive with increased NHE3, Na ϩ -K ϩ -2Cl Ϫ cotransporter 2 (NKCC2), Na ϩ -HCO 3 Ϫ contransporter (NBC), Na ϩ -Cl Ϫ cotransporter (NCC), and aquaporin 2 (AQP2) mRNA expression in the kidney (45) , consistent with dopamine downregulation of Na ϩ transport in the kidney. In opossum kidney (OK) cells, the dopamine-induced acute decrease in surface NHE3 is dependent on both DA1 and DA2 receptors, and dopamine-stimulated NHE3 endocytosis can be blocked by protein kinase A (PKA) inhibition or by mutation of PKA target serines on NHE3 (22) .
In the present work, we study the effect of dopamine on Na ϩ , Cl Ϫ , and HCO 3 Ϫ absorption in proximal tubules perfused at low and high flow rates, with specific attention to the changes due to increased flow. We examine the impact of the DA1 receptor antagonist SCH23390, the DA2 receptor antagonist sulpiride, the H-ATPase inhibitor bafilomycin, 8-bromocAMP , and the PKA inhibitor (H89) on flowinduced changes in transport. We find that dopamine completely blocks flow-stimulated Na ϩ transport and partially abolishes flow-stimulated HCO 3 Ϫ absorption, and the remaining portion of the increment of J HCO3 by flow is blocked by the H-ATPase inhibitor bafilomycin. The data also indicate a dopamine-dependent decrease in the sensitivity of the renal brush border to changes in microvillous torque. These results are consistent with the hypothesis that increased flow causes redistribution of NHE3 within the luminal membrane to a domain where it is active; this activation is essential for flow-stimulated Na ϩ and HCO 3 Ϫ absorption and is blunted by dopamine.
METHODS
Animals. All animal work was conducted according to an Institutional Animal Care and Use Committee-approved protocol at Yale School of Medicine. Animals were maintained on a normal diet and tap water until the day of the experiment. Female mice, 5 to 8 wk, were used for isolated kidney proximal tubules and perfusion in vitro. Animals were anesthetized with intraperitoneal pentobarbital sodium (100 mg/kg).
Microperfusion of proximal tubules. A standard method for isolated tubule perfusion was used as described previously (18) . Briefly, fresh dissected proximal tubules (S2 segment) were perfused with an ultrafiltrate-like solution containing the following (in mM): 125 NaCl, 22 NaHCO 3, 1 CaCl2, 1.2 MgSO4, 2 glutamine, 2 lactic acid, 10.5 glucose, 5 KCl, and 1.2 phosphoric acid. The bath medium consisted of the following (in mM): 101 NaCl, 22 NaHCO3, 1 CaCl2, 1.2 MgSO4, 2 glutamine, 2 lactic acid, 10.5 glucose, 5 KCl, 1.2 phosphoric acid, and 32.5 HEPES as well as 5 g/dl albumin. The perfusate and bath solutions were bubbled with 95% O2-5% CO2, the pH was adjusted to 7.4, and the osmolalities to 300 mosmol/kgH2O in both solutions. Bath fluid was continuously changed at a rate of 0.5 ml/min to maintain the constancy of pH and bath osmolality. The perfusion rate was calibrated and adjusted to the proper rate before each experiment and was also measured by timed fluid collections. Proximal tubules were perfused at either 5 or 20 nl/min, followed by four sample collections for measuring [ 3 H]inulin and HCO 3 Ϫ concentrations. The order of low or high flow rate was used randomly. Net volume absorption (JV; nl·min Ϫ1 ·mm Ϫ1 ) was measured as the difference between the perfusion (V0) and collection (VL) rates (nl/min) normalized per millimeter of tubule length (L). Extensively dialyzed [ 3 H]methoxy-inulin was added to the perfusate at a concentration of 30 Ci/ml as a volume marker. For each experimental period, four timed collections of tubular fluid were made, and 3 H concentrations and total CO2 concentrations in perfusate and collected sample fluid were measured and the rates of fluid and HCO 3 Ϫ absorption were calculated by standard methods (38) .
, and PKA inhibitor H89 (10 Ϫ6 M) were added to the luminal perfusate, respectively. They were all purchased from Sigma (St. Louis, MO).
Sample measurement and analysis. The rates of fluid (Jv) and HCO3 Ϫ (JHCO3 ) absorption were calculated by measuring the concentrations of [ 3 H]inulin and total CO2, as described previously (19) . A calibrated collection pipette was used to obtain precise aliquots of initial perfusates and collection of samples to be analyzed for [ 3 H]methoxy-inulin by liquid scintillation spectroscopy. The total CO2 concentration of both initial and collected fluids was measured by the nanoflow spectrometer (WPI). The rates of net fluid and HCO 3 Ϫ absorption were calculated as described previously (38) and expressed per millimeter tubular length.
The JNa was calculated according to the rate of fluid absorption ([Na] * Jv), since the ratio of fluid and Na ϩ absorption is 1 in the proximal tubule (40) . The JCl was estimated as JCl ϭ JNa Ϫ JHCO3. The cell volume is identified with epithelial volume and is calculated as:
, where ID is inner tubular diameter and OD is outer tubular diameter. In this estimate, it is assumed that lateral intercellular space volume is a negligible fraction of epithelial volume. The total torque (bending moment) T on the microvilli due to fluid flow is described by an equation that we have derived previously (17) .
where r is index to reference value; R is inner tubule radius with brush border; L is length of microvill (L ϭ 2.5 m); ␦ is microvilli tip interaction layer (␦ ϭ 150 nm); is fluid viscosity; and Q is flow rate in the tubule.
Statistics. Data are presented as means Ϯ SE. Student's t-test was used to compare control and experimental groups. ANOVA test was used for comparison of several experimental groups with a control group followed by Dunnett's test. The difference between the mean values of an experimental group and a control group will be considered significant if P Ͻ 0.05.
RESULTS
Effects of dopamine and DA receptor antagonist on flowactivated sodium transport. The effects of dopamine and DA 1 and DA 2 receptor antagonists (SCH23390 and sulpiride) on flow-activated sodium transport were examined by microperfusion of proximal tubules in vitro under low (5 nl/min) and high (20 nl/min) perfusion rates. Prior studies in an OK cell line have shown that DA1 and DA2 inhibitors alone had no effect on NHE3 activity and NHE3 surface expression. We have used the same inhibitors and concentrations as reported previously (22, 42) . Table 1 summarizes the tubule geometry  from all groups of experiments, and Tables 2, 3 , 4, and 5 summarize the changes of fluid and solute absorption produced by changes in perfusion rate. Figure 1 shows the effect of dopamine and its inhibitors on fluid, Na ϩ , HCO 3 Ϫ , and Cl Ϫ absorption. As shown in Tables 2 and 4 , there were no significant differences of J v and J HCO3 between the DA1 inhibitor and the control group at both low and high flow rates. It may be noted, however, that the change in fractional volume reabsoption did achieve statistical significance. It is difficult to interpret this finding in the absence of secure changes in the component fluxes. As shown in Fig. 1 , the increasing perfusion rate from 5 to 20 nl/min increased fluid and Na ϩ absorption by 54% in the control group, which is similar to our previous study (19 , respectively, in the presence of dopamine compared with control. The increment of J v and J Na due to the increase in perfusion rate was completely abolished by dopamine (Fig. 1) . Dopamine reduced the flow-stimulated fluid and Na ϩ absorption, so that the fractional increase of J v and J Na by flow was reduced from 54 to 7.7% by addition of dopamine in the luminal perfusate (Tables 2 and 3 ). This observation complements the results of a prior report (9) on the perfusion of isolated rabbit tubules that dopamine had no effect on proximal tubule transport in unstimulated conditions but abolished the norepinephrine-induced increase in Na ϩ absorption. At least five isoforms of dopamine receptors (DA1 to DA5) have been identified, and they have all been found in the mammalian kidney (29) . The DA1 receptor is expressed in kidney proximal tubules at both the apical and basolateral sides, and the DA2 receptor is also detected in the proximal tubule and distal nephron segments (29) . Previous studies (11, 22) show both DA1 and DA2 receptors regulate Na ϩ transport in proximal tubule and proximal tubule cells. We examined whether the effect of dopamine on flow-stimulated Na ϩ absorption is due to a DA1 and/or a DA2 receptor-mediated mechanism. Figure 1 illustrates that when the DA1 receptor antagonist and dopamine are added together to the luminal perfusate, the effect of dopamine was completely abolished by the DA1 antagonist SCH23390. Addition of the DA2 antagonist sulpiride only partially blocked the effect of dopamine, and addition of both DA1 and DA2 antagonists together produced an additive effect of inhibited dopamine activity. As shown in Fig. 1 , J v and J Na increased significantly at low flow rate when DA1 and DA2 blockers were added together, but the J v and J Na at the high flow rate were similar to that of the DA1 inhibitor alone. These results are consistent with the previous observation those DA1 is the primary receptor for dopamine activation and the DA2 receptor synergistically enhances the effect of DA1 on regulation of NHE3 (22) . It should be noted that when the DA1 receptor is blocked, J v and J Na at the high flow rate are significantly higher than those of control. The fractional increase of J v and J Na by increasing flow from 5 to 20 nl/min was 54% in control and 80% in the presence of the DA1 inhibitor (Tables 2 and 3 ), indicating that Na ϩ transport is more sensitive to axial flow when the DA1 receptor is blocked.
Effect of dopamine and DA receptor antagonists on flowactivated bicarbonate transport. The effect of flow-induced changes in bicarbonate absorption was examined by measuring the J HCO3 at low and high flow rates in the absence and presence of dopamine or its receptor antagonist, SCH23390, to block DA1 and sulpiride to block DA2 receptor, respectively. As shown in Fig. 1C , increasing axial flow rate doubled J HCO3 in the control group, similar to our previous reports (19) . Addition of dopamine had no effect on J HCO3 at the low flow rate but reduced J HCO3 significantly at the high flow rate, consistent with dopamine inhibition of Na ϩ and HCO 3 Ϫ ab- Values are means Ϯ SE; n ϭ number of perfused tubules. Jv, rate of fluid reabsorption; ⌬Jv, differences of Jv between low (JVa) and high (JVb) perfusion rates (5 and 20 nl/min); ⌬Jv/Jva * 100, percent changes in fluid reabsorption from low flow rate; Sul, sulpiride; SCH, SCH23390. ns: not significantly different from low flow rate in the same group; a,b,c significant difference from low flow rate in the same group ( a P Ͻ 0.05; b P Ͻ 0.01; c P Ͻ 0.001). NS: nonsignificant difference compared with control at the similar flow rate;
A,B,C significant difference compared with control at the similar flow rate ( A P Ͻ 0.05; B P Ͻ 0.01; C P Ͻ 0.001).
sorption in the stimulated condition. However, in contrast to complete block by dopamine of flow-stimulated J v and J Na , the flow stimulated J HCO3 was only partially inhibited by dopamine. As shown in Table 4 , the fractional increase of J HCO3 was reduced only 38% by dopamine, from 108.2 to 67.3%. J HCO3 still increased significantly when flow rate is increased in the presence of dopamine. Figure 1 shows that the inhibitory effect of dopamine on J HCO3 at the high flow rate was completely blocked by the DA1 antagonist and was partially blocked by the DA2 receptor antagonist and that addition of DA1 and DA2 antagonists together had an additive effect on the inhibition of dopamine. These results suggest that the DA1 receptor is the primary receptor for dopamine and the DA2 receptor synergistically enhances the effect of DA1. Since H-ATPase in the apical membrane is responsible for absorbing 30% of filtered HCO 3 Ϫ in the proximal tubule and H-ATPase activity is also regulated by axial flow (19), we asked whether the remaining flow-stimulated J HCO3 in the presence of dopamine is via an H-ATPase mediated mechanism. As shown in Fig. 2 , addition of bafilomycin and dopamine together did not produce any additive effect on J Na compared with either control or dopamine alone, but the HCO 3 Ϫ absorption was extensively reduced when dopamine and bafilomycin were added together compared with control and dopamine alone. Addition of dopamine and bafilomycin together significantly reduced J HCO3 at both low and high flow rates, and the remaining flow-stimulated HCO 3 Ϫ absorption was completely abolished by bafilomycin (Fig. 2) . The value of J HCO3 measured at low and high flow rates in the presence of both dopamine and bafilomycin is similar to our previous data (19) , which showed that both NHE3 and H-ATPase mediated HCO 3 Ϫ absorption were inhibited when EIPA and bafilomycin were combined. These results indicate that dopamine inhibits NHE3-mediated but not H-ATPase-mediated HCO 3 Ϫ absorption in the proximal tubule.
Flow-induced changes in chloride transport and cell volume in proximal tubules. The flow-induced changes in Cl
Ϫ absorption were calculated according to the balance of Na ϩ and Cl Ϫ plus HCO 3 Ϫ transport under all experimental conditions. Data summarized in Table 5 show that increasing flow rate from 5 to 20 nl/min did not stimulate Cl Ϫ absorption. J Cl was 66.8 pmol·min Ϫ1 ·mm Ϫ1 at both low and high flow rates (Table 5 and Fig. 1D ). The fractional changes of J Cl due to flow (see Fig.  4 ) depend directly on the change of J Na (which provides a driving force for Cl Ϫ absorption), and inversely upon J HCO3 (which provides driving force for Cl Ϫ backflux into the lumen). For example, dopamine eliminated the flow-dependent increase of Na ϩ absorption by flow but only slightly reduced J HCO3 . On balance, the net change of J Cl by increasing flow in the presence of dopamine became negative Values are means Ϯ SE; n ϭ number of perfused tubules. JNa, rate of sodium reabsorption; ⌬JNa: the differences of JNa between low (JNaa) and high (JNab) perfusion rates (5 and 20 nl/min); ⌬JNa/JNaa * 100, percent changes in sodium reabsorption from low flow rate. ns: not significant different from low flow rate in the same group; a,b significant difference from low flow rate in the same group ( a P Ͻ 0.05; b P Ͻ 0.001). NS: not significant different compared with control at the similar flow rate; c,d,e significant difference compared with control at the similar flow rate ( c P Ͻ 0.05; d P Ͻ 0.01; e P Ͻ 0.001). Values are mean Ϯ SE; n ϭ number of perfused tubules; JHCO3, the rate of bicarbonate reabsorption; ⌬JHCO3, the differences of JHCO3 between low (JHCO3a) and high (JHCO3b) perfusion rates (5 and 20 nl/min); ⌬JHCO3/JHCO3a * 100, percentage changes in bicarbonate reabsorption between high and low flow rates. ns: not significant different from low flow rate in the same group; a significant difference from low flow rate in the same group ( Table 1 . Increasing perfusion rate from 5 to 20 nl/min increased cell volume by 18% in control, suggesting a small increase in inflow over outflow until a new steady state is reached at the high flow condition. Dopamine had no impact on the cell volume, either at low or high flows. Given the fact that flow increased fluid and Na ϩ absorption by 54% and dopamine reduced the fractional increase of J v and J Na by 86%, the flow-induced changes in cell volume are small, compared with the changes in flow-stimulated Na ϩ absorption. Cell volumes were slightly increased or reduced by flow under application of different receptor inhibitors. The changes are associated with the changes of J Na , but the variations are relatively small, compared with the changes of Na ϩ absorption (Fig. 4) . Role of PKA in regulation of Na ϩ and HCO 3 Ϫ transport. Previous studies have indicated that dopamine regulates NHE3 activity within the luminal cell membrane via a PKA-mediated mechanism; this is manifested either as NHE3 endocytosis in OK cells (22) or NHE3 redstribution to the coated pit region of the membrane in vivo (25) . We have examined the effect of the PKA inhibitor H89 on dopamine-induced changes in flowstimulated proximal tubule transport. Hu et al. (22) showed that H89 (10 Ϫ6 M) alone had no effect on NHE3 surface expression but abolished the reduction in NHE3 expression by dopamine. In addition, Murtazina et al. (31) showed that 1 m of H89 had Values are means Ϯ SE; n ϭ number of perfused tubules; JCl: the rate of chloride reabsorption; ⌬JCl: the differences of JCl between low (JCla) and high (JClb) perfusion rates (5 and 20 nl/min); ⌬JCl/ JClb*100: percentage changes in chloride reabsorption from low flow rate; ns, not significant different from low flow rates in the same group; a,b significant difference from low flow rate in the same group ( a P Ͻ 0.05; b P Ͻ 0.001). NS, not significant different compared with control at the similar flow rates; c,d,e significant difference compared with control at the similar flow rates ( c P Ͻ 0.05; d P Ͻ 0.01; e P Ͻ 0.001). Ϫ5 M) and sulpiride (Sul; DA2 inhibitor, 10 Ϫ5 M), *P Ͻ 0.05, compared with low flow rates in the same group; † P Ͻ 0.05, compared with the control at a similar flow rate.
no effect on NHE3 function, but it completely abolished the effect of cAMP on NHE3 activity. In this study, we have used the same concentration of H89 as reported previously. As shown in Fig. 3, H89 completely blocked the effect of dopamine on flow-stimulated J v , J Na , and J HCO3 , consistent with the prior reports (22, 25) that the dopamine-induced inactivation of NHE3 is PKA-dependent. The effect of 8-Br-cAMP on proximal tubule transport was also investigated under low and high perfusion rates. Unlike dopamine, which had no effect on Na reduced J Na and J HCO3 significantly at both low and high flow rates. This result is consistent with the prior finding that cAMP inhibits NHE3 activity (44); it suggests that the dopamine effect is not simply uniform cAMP generation but contingent on the prevailing stimuli to Na ϩ transport. Effect of dopamine on flow-induced changes in torque and ion transport. We (17, 19) have previously reported that the flow-induced change in Na ϩ and HCO 3 Ϫ absorption is dependent on microvillous torque (bending moment). Specifically, the fluid induced bending moment on microvilli increases proportionally with axial flow rate and decreases inversely as tubule diameter squared (see governing equation). Increases in flow can lead to significant increases in tubule diameter, which serves to reduce the flow mediated torque on the microvilli (39) . In this study, we investigated the effect of dopamine and its inhibitors on flow-induced changes in torque and torquemediated ion transport. As shown in Table 1 , increasing flow rate from 5 to 20 nl/min increased torque by 64 and 78% in the absence and presence of dopamine (P Ͼ 0.05), indicating dopamine itself did not significantly affect the flow-induced change in torque. Although 8-Br-cAMP inhibits NHE3 activity and reduced Na ϩ and HCO 3 Ϫ absorption in both low and high flow rates, 8-Br-cAMP similarly did not influence the flowinduced changes in torque. We next examined the ion transport sensitivity to torque by computing the ratio of flow-induced change in Na ϩ , HCO 3 Ϫ , and Cl Ϫ absorption, relative to the flow-induced change in microvillous torque (Fig. 5) . In the control group, the ratio of flow-induced change in Na ϩ transport to torque is close to 1 and close to 2 for HCO 3 Ϫ absorption (Fig. 5) . This ratio is reduced by dopamine and increased by the DA1 receptor antagonist and the PKA antagonist; it was unchanged by 8-Br-cAMP. Again, changes in torque-dependent Cl Ϫ transport depend directly on the changes in Na ϩ transport and indirectly on changes in HCO 3 Ϫ transport (Fig. 5) .
Since dopamine reduces microvillous expression of NHE3, our results suggest that the sensitivity of torque-mediated Na ϩ and HCO 3 Ϫ transport depends on the availability of NHE3 within the brush border.
DISCUSSION
Dopamine is an important natriuretic signal to proximal tubule (3, 13) , and proximal tubules are a target for locally generated dopamine. Dopamine inhibits sodium reabsorption in the isolated perfused straight tubule (10); in proximal convoluted tubules (in vitro), dopamine blunts norepinephrinestimulated sodium reabsorption (9) . RNA message for the DA1 dopamine receptor was demonstrated in proximal tubule (43) , and subsequently the protein was identified on both luminal and peritubular cell membranes (32) . In cell culture, cell membrane expression of the DA1 receptor is increased both by dopamine itself (12) , as well as by inhibition of the angiotensin receptor (AT 1 R) by losartan (27) . In the rat in vivo, dopamine downregulates AT 1 R (14), and conversely, blockade of DA1 receptor attenuates the antihypertensive effect of losartan (27) . What is reported here is the impact of dopamine to blunt the increases in proximal reabsorption that accompany increases in luminal flow. The physiologic significance of this effect seems straightforward: when glomerular filtration rate increases, perhaps in response to a humoral signal, but in the absence of volume expansion, the flow-dependent increase in reabsorptive fluxes will provide a balanced increase in tubular reabsorption; when the increase in GFR occurs in response to volume expansion, the increase in local dopamine generation will abrogate this glomerulotubular balance, favoring increased Na ϩ excretion. Put another way, in the absence of dopamine, GTB by itself will tend to blunt the impact of increases in GFR on distal delivery; however, when there is volume expansion, and increased dopamine generation, there will be a greater impact of GFR increases on distal delivery.
As with angiotensin, dopamine impacts transporters of both luminal and peritubular cell membranes, most notably NHE3 and the Na-K-ATPase. When renal cortical tissue is incubated with dopamine or DA1 agonists, Na ϩ /H ϩ exchange in brush border membrane vesicles is diminished, and this effect is blocked by inhibitors of either adenylate cyclase or PKA (21) . In OK cells, dopamine (via DA1) and PKA phosphorylates NHE3 on identical sites (42) . In large measure, the decrease in Na ϩ /H ϩ exchange reflects a dopamine-mediated decrease in NHE3 within the luminal cell membrane (5) . With respect to other luminal transporters, dopamine also induces internalization of the Na ϩ -phosphate cotransporter (4) . The impact of dopamine on the Na-K-ATPase is demonstrable as a decrease of enzyme activity in micro-dissected tubules (2) or as a decrease in oxygen consumption by proximal tubules in suspension (34) . The dopamine-mediated decrease in proximal tubule cellular Na-K-ATPase activity has been shown to occur in association with endocytosis of the enzyme (15) . An early event in the endocytic process is PKC-dependent phosphorylation of the ␣-subunit of the Na-K-ATPase (16) . Complementary to the decrease in luminal NHE3, dopamine also blunts peritubular HCO 3 Ϫ exit via the Na ϩ -3 HCO 3 Ϫ cotransporter (26) . In the perfused proximal straight tubule of the rabbit, the net impact of dopamine is to increase cytosolic Na ϩ concentration, so that the peritubular effect appears dominant (26) .
The current work is the first examination of the interaction of dopamine with the machinery responsible for flow dependence of proximal Na ϩ reabsorption. The primary measurements of this study are tubular transport of volume and HCO 3 Ϫ , luminal diameter, and cell height; estimated variables are tubular transport of Na ϩ and Cl Ϫ , and microvillous torque. The data confirm earlier observations that increasing luminal flow increases reabsorption of Na ϩ and HCO 3 Ϫ , with only a small increase in cell height, and no effect on Cl Ϫ reabsorption. The new findings are 1) Dopamine has no impact on Na ϩ reabsorption at the low perfusion rate but blocks the increase in Na ϩ flux with increasing luminal flow; this increase is eliminated by blockade of DA1 or inhibition of PKA. Indeed, with DA1 block there is actually an enhanced flow-dependent increase in Na ϩ transport. 2) Dopamine partially blocks the increase in HCO 3 Ϫ flux with increasing perfusion; there is complete elimination of the increase in HCO 3 Ϫ reabsorption (and of the decrease in Cl Ϫ reabsorption) when luminal H-ATPase has been inhibited. The straightforward conclusion from these findings is that increasing luminal flow augments transport across luminal membrane NHE3 and that this increase is blocked by application of exogenous dopamine. Furthermore, DA1 blockade enhances the sensitivity of NHE3 transport to increases in luminal flow, without impacting fluxes under low flow. In view of the fact that the dopamine precursor L-DOPA is not provided to the tubules perfused in vitro, the absence of effect of the DA1 inhibitor is not surprising and cannot be construed as an argument against a physiologic role of dopamine in regulating proximal transport. How the flow-dependent augmentation of NHE3 flux can be understood in terms of cellular events requires considerably more speculation. It may be the case that DA1 inhibition upregulates angiotensin receptor density and thus enhances the impact of flow to activate angiotensin-dependent increases in NHE3 membrane density.
The hypothesis offered by this laboratory has been that microvillous torque (bending moment) is the afferent signal to the cell to adjust its transporter configuration in response to changes in luminal flow rate. Important evidence for torque as the mechanical stimulation is the response of the tubule to increases in luminal fluid viscosity to increase bending moment (with no change in axial flow rate; Ref. 17) . Additional supporting evidence is that changes in transport scale linearly with torque (i.e., using the formula encompassing the change in internal diameter), and for sufficiently large diameter change, a change in flow can produce negligible change in transport (19, 39) . As a consequence of this effect of luminal diameter, changes in microvillous torque for tubules perfused in vitro may be considerably smaller than for tubules in vivo and thus considerably smaller than the fractional change in luminal flow rate. In particular, the 60% change in volume flux that was observed with a fourfold increase in perfusion rate cannot be construed as violating glomerulotubular balance. In the past, the sensitivity of the change in transport of either Na ϩ or HCO 3 Ϫ to changes in microvillous torque has been ϳ1.0 (19); (unpublished observations). In this work, that observation is reproduced under control conditions; however, with DA1 block or PKA inhibition, we report sensitivities of ϳ2 for Na ϩ transport and ϳ3 for HCO 3 Ϫ transport (Fig. 5) . This observation suggests that the DA1 receptor and downstream events provide tonic inhibition of NHE3 activity. Physical interactions between the DA1 receptor and AT1R and the Na-K-ATPase have been recognized, and these interactions appear to have functional consequences (24) . The findings in Fig. 5 prompt the question as to whether such interactions can impact transport flow sensitivity.
The cellular events that accompany an increase in luminal flow are largely unknown, although the integrity of the actin cytoskeleton is a prerequisite for the increase in Na ϩ resabsorption (17) . In cultured proximal tubule cells, an increase in apical shear stress provokes redistribution of NHE3 and the H-ATPase toward the apical cell membrane, as well as Na-KATPase toward the basolateral cell membrane (20) . In a mathematical model of the proximal tubule, robust increases in Na ϩ flux cannot be achieved with only perturbations in luminal membrane transporter density; furthermore, solitary increases in NHE3 activity provoke sizable increases in cell volume (41) . What the present work provides to this discussion is the observation that under control conditions, the 54% increase in Na ϩ reabsorption that accompanies rapid luminal flow occurs with only an 18% increase in cell volume; with DA1 blockade increased luminal flow provoked an 80% increase in Na ϩ reabsorption with an insignificant (8%) increase in cell volume; and with PKA inhibition, the flow-derived increase in Na ϩ flux was 75%, while cell volume decreased 6%. These findings suggest that activation of peritubular exit pathways is a critical component of the cellular response to increases in luminal membrane shear stress and that changes in cytosolic composition (i.e., lower Na ϩ concentration and/or acidification) may well accompany increased luminal flow.
The translational significance of the proximal tubule response to dopamine has focused largely on the diabetic kidney. It was an early observation in humans that type-1 diabetics showed a blunted natriuresis in response to Na ϩ infusion, along with a blunted increase in urinary dopamine excretion; control subjects, but not diabetics, showed a small decrease in fractional lithium clearance during the infusion, which prompted the conclusion that the natriuresis was attributable to proximal tubule (35) . In streptozotocin-treated diabetic rats, who were hyperglycemic, there was diminished renal responsiveness to a DA1 agonist (blunted decrease in Na-K-ATPase) in association with decreased DA1 receptor number (28) . With insulin treatment of diabetic rats, DA1 number and the functional response to dopamine or Na ϩ load were restored (30). On the opposite end of the spectrum, obese rats also showed decreased dopamine receptor binding, and diminished downstream dopamine effects, including cAMP generation, PKA activation, and inhibition luminal membrane vesicle Na
